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| INTRODUCTION
Social deficits are strongly coupled to most major mental health disorders, including depression, bipolar disorder (BPD), schizophrenia and autism (Goldstein, Miklowitz, & Mullen, 2006; Hafner, Nowotny, Loffler, an der Heiden, & Maurer, 1995; Lewinsohn, Mischel, Chaplin, & Barton, 1980; Mundy, Sigman, Ungerer, & Sherman, 1986) . In many cases, social interactions that were once positive and rewarding become aversive and individuals become socially withdrawn. Despite the strong negative impact that social withdrawal and avoidance have on both the affected individual and family, the underlying mechanisms are poorly understood and treatments are lacking. As observed in other mammals, naïve prepartum female mice find social interactions with mouse pups to have low valence (Lonstein & De Vries, 2000) , but postpartum females find social interactions with pups to be intensely rewarding (Hauser & Gandelman, 1985) . These findings suggest that reward mechanisms that are powerfully altered in association with the initiation of postpartum prosocial behaviour may represent fundamental mechanisms that promote sociability across social contexts.
Nuclear receptor subfamily 1, group D, member 1 (Nr1d1) (also known as Rev-erb alpha) is of interest as our recent work found striking and reliable decreases in Nr1d1 in postpartum (i.e., prosocial) compared with prepartum (i.e., asocial) mice across multiple brain regions regulating reward Eisinger, Zhao, Driessen, Saul, & Gammie, 2013) , including the nucleus accumbens (NAc) . Nr1d1 is a transcription factor best studied for its role in circadian rhythm regulation (Mohawk, Green, & Takahashi, 2012; Ueda et al., 2005) ; however, our work and that by others is starting to reveal a key role for Nr1d1 in reward-related processes (Banerjee et al., 2014; Wang et al., 2008; Zhao et al., 2014) , mood-related behaviour (Chung et al., 2014; Etain, Milhiet, Bellivier, & Leboyer, 2011; Kripke, Nievergelt, Joo, Shekhtman, & Kelsoe, 2009) , as well as other disorders associated with social deficits (Goto et al., 2017) . Using large-scale gene expression and bioinformatics approaches, the evidence from our maternal NAc microarray and quantitative real-time PCR (qPCR) studies suggested that Nr1d1 interacts with and possibly regulates numerous addiction and reward-related genes in the NAc .
Furthermore, a recent study showed that an Nr1d1 agonist affecting the entire brain inhibited reward (Banerjee et al., 2014) . This suggests that decreases in Nr1d1 we observed in the NAc and other brain regions in postpartum females may facilitate reward and prosocial parental behaviour. However, to date, almost no studies have directly linked Nr1d1 to social behaviour or reward. NAc is strongly implicated in reward, including social reward and prosocial behaviours in maternal and nonmaternal animals (Insel, 2003) . We recently found that almost every neuron in the NAc expresses Nr1d1 (our unpublished observations). Thus, Nr1d1 is a potentially critical gene in linking NAc-mediated reward, social and moodrelated behaviours. What is missing is knowledge of the biological effect of decreases in Nr1d1 in the NAc on social and mood-related behaviours.
In this study, we took novel insights from our work on the postpartum mothers and applied them to nonparental adults. We manipulated Nr1d1 expression in the NAc using short hairpin RNA (shRNA)-mediated gene silencing in adult virgin females and males to understand the effect of Nr1d1 decreases on reward, social and mood-related behaviours. To identify effects of decreasing Nr1d1 in the NAc on large-scale gene expression changes, we used microarray and bioinformatics approaches. In addition, the expression of addiction and reward-related genes that exhibit functional interactions with Nr1d1 in the NAc was assessed using qPCR assay.
| MATERIALS AND METHODS

| Animals
Mice used in this study were inbred C57BL/6J (stock #000664; The Jackson Laboratory, Bar Harbor, ME, USA) females and males between 10 and 12 weeks of age at the start of the experiment. All mice were experimentally naïve when obtained. After arriving at the animal facility, all mice were housed individually until tissue collection. Subjects were provided with ad libitum access to rodent standard chow (Harlan, Madison, WI) and water and were housed with shredded aspen bedding material in polypropylene cages that were changed weekly. All subjects were kept on a 12:12 light/dark cycle with lights on at 6:00 CST. All procedures followed guidelines set by the National Institutes of Health that Nr1d1 in the NAc modulates sociability and anxiety-related behaviour in a sexspecific manner, and circadian, histone deacetylase and opioid-related genes may be involved in the expression of these behavioural phenotypes.
K E Y W O R D S
AAV vectors, gene expression, gene knockdown, Rev-erb alpha, shRNA | ZHAO And GAMMIE Guide for the Care and use of Laboratory Animals and were approved by the University of Wisconsin Animal Care and Use Committee. Every effort was made to minimize the number of animals used and reduce their pain and discomfort.
| Short hairpin RNA design and intranucleus accumbens injections of AAV vectors
Design, construction and packaging of target adenoassociated viral (AAV) vector (i.e., AAV5-GFP-U6-Nr1d1-shRNA) were carried out by Vector Biolabs (Philadelphia, PA, USA). The shRNA sequences directed towards mouse Nr1d1 were 5′-CCGG-GCGCTTTGCATCGTTGTTCAA CTCGAGTTGAACAACGATGCAAAGCGC-TTTTTG -3′. As a negative control, AAV vectors with a scrambled oligonucleotide sequence (i.e., AAV5-GFP-U6-Scr shRNA, Vector Biolabs, Cat. #7042) with no match with any known genes/mRNAs were chosen. Transcription of the shRNA targeted to the mouse Nr1d1 was driven by a U6 promoter, while green fluorescent protein (GFP) was coexpressed in the vectors as a reporter gene driven by a CMV promoter. We selected serotype 5 of AAV vectors because AAV5 vectors display higher transduction efficiency in multiple brain regions in different animal models (Burger et al., 2004; Davidson et al., 2000; Markakis et al., 2010) . The titres of the packaged viruses for in vivo injections were 1.5 × 10 13 GC/ml. The efficacy of shRNA knockdown of Nr1d1 mRNA was validated in vitro (knockdown of >80% at mRNA level, performed by the vendor). Mice were securely placed on a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA) and anaesthetized with isoflurane at vaporizer setting of 2%. A nonsteroidal anti-inflammatory analgesic ketoprofen (Zoetis, Kalamazoo, MI, USA) at a dose of 0.05 ml/10 g body weight sc was administered before a midline anterior to posterior incision was made. Then, local anaesthetics with a mixture of bupivacaine/lidocaine 50:50 (Hospira, Lake Forest, IL, USA) were applied on the periosteum. The bregma was determined, and cannula (33 gauge) tip was moved to the coordinates of target site bilaterally according to The Mouse Brain in Stereotaxic Coordinates (Paxinos & Franklin, 2001) . AP = 1.54 mm, ML = ±0.9 mm and DV = 4.6 mm. A volume of 2.0 μl per side of AAV vectors expressing either mouse Nr1d1-shRNA (i.e., AAV5-GFP-U6-Nr1d1-shRNA) or Scr shRNA (i.e., AAV5-GFP-U6-Scr shRNA) was injected bilaterally into the NAc using a Hamilton syringe at a rate of 1.0 μl/min. After injection, the cannula was left in place for additional 5 min. Body weights were monitored and measured once per week following surgery. The number of mice used for microinjection of AAV vectors was as follows: N = 26 (13/13 for Nr1d1 shRNA/Scr shRNA) in females and N = 22 (11/11 for Nr1d1 shRNA/Scr shRNA) in males. To verify the specificity of knockdown of Nr1d1 in the NAc, qPCR analysis was carried out using the reporter gene, GFP. The use of vectors coexpressing GFP enabled us to identify only the neurons transduced with viral-mediated shRNA (i.e., Scr shRNA or Nr1d1 shRNA) and help define the brain region of gene delivery. We performed a pilot qPCR assay to determine GFP expression in the NAc of non-vector-injected mice (n = 6) using vendor-provided GFP-specific primers. We found all the C q values of GFP in each animal (i.e., 32.96, 32.42, 33.19, 32.66, 32.37 and 32.30) were above 32. Thus, we adopted a C q < 32 cut-off value to ensure a successful injection and efficient transduction of the viral vectors in the NAc. Only animals injected with viral vectors displayed a C q value <32 measured in qPCR assay were included for data analysis. We chose the inclusion criteria such that only mice were analysed that were effectively transduced with the AAV vectors in the NAc neurons.
| Social approach test
Behavioural tests were started with the social approach test 3 weeks after injection of AAV vectors, followed by the order of social conditioned place preference (social CPP), novel object place conditioning, light/dark box test and forced swim test, with 3-or 4-day intervals between tests. All behavioural testing was conducted during the light phase of the light/dark cycle (i.e., 9:00 a.m. to 1:00 p.m.). Subject mice were Nr1d1-or Scr shRNA-injected C57BL/6J mice, and novel mice were C57BL/6J mice between 10 and 12 weeks of age. For pups, pregnant mice were purchased from The Jackson Laboratory and were housed in our animal facility for parturition. Pups at postnatal days 3-6 were used in this test. The apparatus for social approach test is a three-chambered cage with a grey metal floor and two sliding doors (dimension of 5 × 8 cm each) on the two side chambers opening on the central chamber to allow the animal to move freely from one chamber to another (Ugo Basile, Varese, Italy). Each clear Perspex chamber measures 40 × 20 × 22 (length × width × height) cm. The standard grid enclosure is 16 cm tall and has an internal diameter of 7 cm. Each enclosure has a top and bottom of grey PVC and grid bars with a diameter of 3 mm and being spaced 7 mm.
Procedures for social approach test were performed as described in the previous work (Silverman, Yang, Lord, & Crawley, 2010; Yang, Silverman, & Crawley, 2011) . In advance of experiments, novel mice were trained to habituate to the grid enclosures in the chamber. For each training, the novel mouse was placed in a clean grid enclosure into one side chamber for a total of two 15-min sessions. On testing day, subject mice were brought to the test room and allowed to rest for at least 30 min to acclimate to the room. With the two sliding doors closed, a subject mouse was placed in the centre chamber of an entirely empty apparatus for 10 min. After acclimation, by opening both sliding doors, subject mice were allowed to move throughout the chambers freely and behaviours were video recorded using video capture software for 10 min. A lack of side preference (i.e., that subjects spend approximately the same amount of time in the two side chambers) was confirmed before proceeding with test for sociability. To start sociability test, the subject mouse was confined to the centre chamber before the novel object and the novel mouse were introduced to the side chambers by shutting both sliding doors. A clean empty grid enclosure serving as the novel object was first placed in the middle of one side chamber, between the sliding door and the side wall. Then, another clean grid enclosure holding the novel mouse was placed on the other side chamber. Immediately opening both sliding doors, video recording of mouse behaviours was started. After each subject from a given cage had been tested, it was returned to its original home cage. The test apparatus was cleaned thoroughly with 70% ethanol and tap water between subjects and at the end of each test day. Measures were taken of time spent, time sniffed and number of entries into chamber with novel mouse or with novel object by a single trained observer unaware of the identity of subject mouse. The ratio of time spent with the novel mouse/pups versus object (i.e., time spent with novel mouse/pups divided by time spent with novel object) and the percentage of time spent with novel mouse/pups [i.e., time spent with novel mouse/ pups divided by (time spent with novel mouse/pups + time spent with novel object) × 100%] were calculated.
| Social conditioned place preference
Three-compartment social CPP apparatus was divided into three equally sized compartments with two sliding doors (5 × 8 cm) at the base of each delimiting wall between the centre and side compartments. The side compartment contained one type of novel bedding (either alpha-dri or paperchip; Shepherd Specialty Papers, Watertown, TN, USA), and the centre compartment contained no bedding. We followed a protocol for social CPP described by Dolen, Darvishzadeh, Huang, and Malenka (2013) for 2 days of conditioning. A preconditioning trial (30 min) was used to establish baseline preference for the two sets of bedding cues. The mouse was placed in the centre compartment of social test apparatus, with the two sliding doors open. The amount of time spent freely exploring each compartment was recorded during a 30-min test session. Social conditioning (24 hr): After preconditioning trial, mice were assigned to receive social conditioning (i.e., housed with a nontest normal mouse in their home cage) for 24 hr on one type of bedding. Isolate conditioning (24 hr): Followed by cohousing, mice were left on the isolate bedding cue (housed without a nontest normal mouse in their home cage) on the other type of bedding for 24 hr. Postconditioning trial (30 min): After isolate conditioning, animals received a 30 mins postconditioning trial to establish preference for the two conditioned cues. To this end, the side compartment was lined with either socially paired or isolation-paired beddings (i.e., alpha-dri or paperchip bedding), respectively. The mouse was placed in the centre compartment of social test apparatus with both sliding doors opened to allow the mouse to freely explore the entire testing apparatus, and the video recording was started. Bedding assignments (social vs. isolate) were counterbalanced for an unbiased design. Preference score (i.e., time spent in side compartment lined with socially paired bedding minus the time spent in side compartment containing isolation-paired bedding) and normalized social preference score (i.e., time spent in side compartment containing socially paired bedding, postconditioning trial divided by preconditioning trial) were calculated for comparisons between the experimental conditions.
| Novel object place conditioning
We adopted an experimental procedure of the novel object place conditioning that has been previously reported (Bevins & Bardo, 1999; Douglas, Varlinskaya, & Spear, 2003) with slight modifications. One side compartment had black walls and a paperchip-bedding floor, while the other side compartment had white walls and an alpha-dri-bedding floor. Novel objects used for conditioning contained wood blocks, white PVC pipes and balls of tin foil. Conditioning trial (Days 1-3): One experimental animal was placed in one side compartment in which a novel object located in the back corner was introduced daily (i.e., paired side) for 15 min, while the two sliding doors were shut to confine the mouse to the assigned compartment. The mice always received the novel object in the paired side, and the novel object was changed daily. At the end of the initial 15-min session, animal was returned to its home cage. After 1 hr, animal was placed in the other side compartment in which no novel object was introduced daily (i.e., unpaired side) for 15 min. Then, the animal was placed back to its home cage. We counterbalanced order of exposure to the paired side and unpaired side, order in which the novel objects were provided to the animals across days, and the side of the compartment (black vs. white) paired with the novel objects. Test day was 24 hr after the last conditioning trial, the subject mouse was placed in the centre compartment of the chamber and no objects were placed in the chamber. Mouse behaviour was monitored and recorded for 10 min. Time spent in paired side chamber and percentage of time spent with novel object (time spent in paired side chamber divided by [time spent in paired side chamber + time spent in unpaired side chamber] × 100%) were calculated. | ZHAO And GAMMIE
| Light/dark box test
We followed our published protocol for light/dark box test (Scotti et al., 2011) . The apparatus of light/dark box consists of two compartments that are same in size (24.5 × 14.5 × 25.5 cm) but different in colour. One compartment is dark black and has a plastic ceiling (i.e., black portion), and the other is brightly illuminated and open (i.e., light portion). The two compartments were connected by a restricted door (3.8 × 3.8 cm) that is located in the separator wall between the two compartments. Animals were habituated to the experimental room for 30 min before the beginning of the test. The mouse was initially placed in the middle of the dark compartment of the apparatus and allowed to freely move around. The task was then run for 10 min by video recording. An animal was considered to have entered the light or dark compartment if all four paws were placed into that compartment. Following completion of the task, the mice were returned to their home cage. After each trial, all compartments were cleaned with 70% ethanol to prevent a bias based on olfactory cues. Time spent in light portion, latency to first light portion entry and number of transitions between the light and dark portions were assessed for later analysis.
| Forced swim test
The procedure for forced swim test has been described in our previous work (Scotti et al., 2011) . In brief, this test was performed in a transparent cylindrical glass container (23 cm height × 17 cm diameter). Prior to each test, the container was filled halfway, which is 11.5 cm from the bottom with room temperature (23-25°C) tap water. The animals were brought into the testing room with no acclimation period. At the start of each test, the mouse was gently picked up by its tail and slowly placed in the water. Then, movements including floating, swimming and escaping behaviours were video recorded for a 6-min session and subsequently analysed offline. At the end of each 6-min test, animals were removed from the water and gently dried with paper towels and placed back into their home cage with a heat lamp on for 15 min. Immobility was defined as an absence of any movements except for those required to balance the body and keep the head and nose above the water. Latency to first floating, total number of swim bouts and duration of immobility were scored. The first two min of the test is considered as the habituation phase, and only the last four min was included in the statistical analysis as in previous reports (Can et al., 2012) .
| Tissue collection and RNA extraction
Following 72 hr of completion of the forced swim test, mice were lightly anaesthetized with isoflurane and decapitated between 9:00 and 12:00 CST. Brains from Scr-and Nr1d1-shRNA-injected mice were dissected alternating between the two groups. After decapitation, vaginal lavage was performed on female animals to determine oestrous state. All females were found to be in oestrous or diestrous. Brains were flash-frozen in isopentane on dry ice and stored at −80°C until being sectioned on a cryostat (Leica CM1850, Bannockburn, IL, USA). The sections of 200 μm thickness were cut and mounted on gelatine-coated glass slides. NAc from Bregma 1.94 to 1.10 mm was dissected bilaterally using a micropunch technique (Makino, Gold, & Schulkin, 1994 ) under a dissecting microscope. In addition, at the same anatomical level, adjacent tissue of caudate-putamen (CPu) and distant area cerebral cortex (CTX) was also collected bilaterally for verification of specificity of Nr1d1 knockdown in the NAc. Samples were subsequently stored at −80°C until RNA extraction. Total RNA was extracted with the Aurum Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad, Hercules, CA, USA) as described in our previous work (Zhao, Saul, Driessen, & Gammie, 2012) . The integrity, purity and concentration of RNA were measured as reported. The purified total RNA was stored at −80°C until processed.
| High-density oligonucleotide array hybridization
The microarray analysis was performed with the GeneChip Mouse Gene 2.0 ST array (Thermo Fisher Scientific Inc, CA, USA) using targets derived from total RNA isolated from NAc as described above. cDNA for array hybridization was synthesized from 150 ng of total RNA from each single mouse using a GeneChip WT Plus Kit (Thermo Fisher Scientific Inc) according to the manufacturer's specifications. In brief, total RNA was used to synthesize double-stranded cDNA, which was then used as a template for antisense RNA (cRNA) synthesis. This cRNA was in turn used as a template for a second round of singlestranded cDNA (sense strand cDNA, ss-cDNA) synthesis, and the resultant DNA-RNA hybrids were then treated with RNase H to degrade RNA. The ss-cDNA was then fragmented and biotinylated using GeneChip WT Terminal Labeling Kit (Thermo Fisher Scientific Inc) according to the manufacturer's specifications. Fragmented and labelled ss-cDNA targets were hybridized with the arrays at 45°C for 16 hr. The hybridized arrays were then washed and stained according to the manufacturer's specifications, and arrays were scanned on an Affymetrix GC3000 G7 Scanner. The data were extracted and processed from scans using Affymetrix Command Console v. 3.1.1.1229. cDNA synthesis, fragmentation, labelling, array hybridization, staining and scanning were performed by the University of Chicago Genomics Core.
| Probeset level summarization and microarray statistical analysis
Inferential statistics for differential expression between control and knockdown samples were calculated using Affymetrix ® Transcriptome Analysis Console (TAC) software (Barresi et al., 2016) and the robust multiarray average (RMA) approach for data normalization (Dixon et al., 2007; Irizarry et al., 2003) . The nominal RMA p-value of 0.03 was used for most analysis. For microarray analysis, a total of 12 (6 Scr shRNA/6 Nr1d1 shRNA) mice in both females and males were used. These animals were randomly selected from the mice with efficient transduction based on the inclusion criteria (N = 6 for Scr shRNA group and N = 7 for Nr1d1 shRNA group in female; N = 6 for Scr shRNA group and N = 6 for Nr1d1 shRNA group in male). One female control injected with Scr shRNA was excluded from the microarray data analysis for three reasons: (a) GFP levels were four times higher than any other mouse, leaving open the possibility of nonspecific effects of high incorporation of AAV; (b) the weight was more than 2 SD higher than for all other female mice throughout the study, suggesting possible gene expression difference due to weight; and (c) principal component analysis (PCA) of microarray indicated the individual was an outlier from both groups. The microarray data discussed in this publication, both raw and summarized, have been deposited in NCBI's Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE110363 (https://www.ncbi.nlm.nih.gov/geo/query/acc. cgi).
| Enrichment and drug repurposing analysis
Microarray targets with p-values less than 0.03 were used for both ToppCluster (Kaimal, Bardes, Tabar, Jegga, & Aronow, 2010) and NIH DAVID analysis (Huang et al., 2009 ). Per1 was included in this analysis as its array p-value was just above 0.03 and its expression change was confirmed via qPCR. The default statistical p-value analysis was used for both. While some databases are shared between the two, each also provides unique analysis. Modular Single-set Enrichment Test (MSET) ) was used to test significant microarray results for enrichment of gene lists with multiple databases. We identified genes that are found in multiple databases for depression, BPD, autism and schizophrenia, and for transcriptional regulation using identical approaches as in our analysis of microarray data from the postpartum NAc . We additionally used MSET to identify genes that are associated with circadian rhythms using the MeSH database . We also identified genes that were altered in the NAc in the postpartum condition in our previous work and that are among a list of potential top 700 maternal genes that show reliable expression changes in the postpartum state across the CNS (Gammie, Driessen, Zhao, Saul, & Eisinger, 2016) . We separately uploaded the upregulated and downregulated genes into NIH LINCS L1000 and used the mimic feature to identify possible drugs with similar actions (ElHachem, Ba-Alawi, Smith, Mer, & Haibe-Kains, 2017; Lee, Kang, & Kim, 2016) .
| Weighted gene coexpression network analysis analysis
Weighted gene coexpression network analysis (WGCNA) is a system biology approach that has been widely utilized in constructing gene coexpression networks and identifying gene modules in multiple species (Langfelder & Horvath, 2008; Li et al., 2018) . In this study, WGCNA was used to identify modules of genes whose expression changes are highly correlated to one another. r software was used for all WGCNA analysis (Langfelder & Horvath, 2008; Zhang & Horvath, 2005) of the top 2,000 genes. To generate a weighted network of genes (nodes) and their expression correlations (edges), correlations were raised to a soft thresholding power β, chosen such that the network begins to approach a scalefree topology. Using unsupervised hierarchical clustering, a minimum module size of 30 genes and a threshold setting for merging modules of 0.25, WGCNA identified seven modules. The modules were exported as a Cytoscape network file, which was manually trimmed to consist of genes of interest and their gene-to-gene correlations. Genes from two modules were visualized with Cytoscape v3.0.
| Quantitative real-time PCR
We followed the protocol in our published work Zhao, Saul et al., 2012) . In brief, a SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA) was used to reverse transcribe 100 ng of RNA to cDNA. The cDNA was then amplified using a SsoFast EvaGreen Supermix kit in a Bio-Rad CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Each sample was run in triplicate, and standard amplification procedures were used. Primer sequences for genes of interest and reference genes are shown in Supporting Information Table S1 . Following amplification, a standard curve was generated to assess the empirical PCR reaction efficiency, and a dissociation curve analysis was performed to insure specificity of PCR products. The expression ratio of mRNA of genes in Nr1d1-shRNA relative to Scr shRNA (normalized to the reference genes Ywhaz and β-actin) was calculated using a relative expression software tool REST 2009 (Pfaffl, Horgan, & Dempfle, 2002 (Cordes, Stevenson, Driessen, Eisinger, & Riters, 2015; Pfaffl, 2001) . The resulting values represent Nr1d1 or GFP mRNA expression normalized against two reference genes Ywhaz and β-actin. These relative expression values were used for statistical analysis of gene expression.
| Statistical analysis
Statistical analyses were performed using spss 22.0 software (SPSS Inc., Chicago, IL, USA). All values were expressed as mean ± SEM. Two-group comparisons in behavioural assays and gene expression were analysed using unpaired Student's t test, while within-group comparisons were assessed using paired Student's t test. The tests for females and males were separated 3 months and aspects of the testing differed, so analysis of females and males as factors in the same model was not performed. For ensuring an unbiased observation of various behaviours, behaviours were scored by a trained experimenter blind to the group assignments and the intrarater reliability was 95% or greater. For all statistical analyses of qPCR, body weight and various behaviours, N = 6 for Scr shRNA group and N = 7 for Nr1d1 shRNA group in female, N = 6 for Scr shRNA group and N = 6 for Nr1d1 shRNA group in male. p < 0.05 was considered significant.
| RESULTS
| Verification of the specificity and efficacy of Nr1d1 knockdown in the NAc
In our preliminary study, fluorescent immunolabelling of AAV vector-injected brain sections with GFP antibodies showed robust GFP expression in the NAc, with minimum or no spread to the adjacent and distant areas (Supporting Information Figure S2 ), indicating that delivery of the AAV vectors containing Scr shRNA or Nr1d1 shRNA (i.e., injection site) was specific to the NAc. However, a successful injection does not guarantee an efficient transduction of shRNA into the NAc neurons. We, furthermore, performed quantitative analysis of mRNA levels of GFP by qPCR and found that mice injected with GFP-shRNA vectors expressed significantly elevated GFP mRNA in the NAc when compared with non-vector-injected animals, suggestive of efficient transduction. Further, no GFP mRNA was found in either the adjacent area, CPu, or the distant area, CTX (Supporting Information Figure S3 ). These results demonstrated that knockdown of Nr1d1 was specific to the NAc. Using qPCR data of GFP gene expression to ensure sufficient levels of transduction of AAV in control and experimental groups, the final levels of GFP were almost identical between groups in females (Scr shRNA = 2.74 ± 0.85; Nr1d1 shRNA = 2.70 ± 0.42) and in males (Scr shRNA = 1.10 ± 0.22; Nr1d1 shRNA = 1.19 ± 0.27), who were selected for gene and behavioural data analysis.
As expected, qPCR data identified that mRNA level of Nr1d1 in the NAc was significantly downregulated in Nr1d1 shRNA-injected group of both females [t(11) = 2.92, p = 0.036] (by 18.1%) and males [t(10) = 3.39, p = 0.014] (by 16.8%) as compared to Scr shRNA-injected control group (Figure 1) . To further assess the magnitude of the observed differences between groups, the effect sizes were calculated according to the Cohen's term d. The value of Cohen's d was 1.56 for female and 1.95 for male. These decreases are similar to the levels of decreased Nr1d1 in the postpartum NAc .
| Knockdown of Nr1d1 in the NAc and body weight
The weight was monitored throughout the study to evaluate indirectly whether changes in feeding occurred with Nr1d1 knockdown. The weight gain occurred in Scr-and Nr1d1-shRNA-injected animals of both females (Figure 2a ) and males ( Figure 2b ) over time, but no differences were found between the experimental and control groups.
| Knockdown of Nr1d1 in the NAc enhanced sociability in female mice
Social behaviours were evaluated using multiple measures. Both females and males injected with Scr shRNA and Nr1d1 shRNA displayed sociability as all groups spent more time in the chamber containing the conspecific (same sex) novel mouse than in a chamber containing the nonsocial novel object [Female: t(5) = 4.83, p = 0.005 for Scr shRNA; F I G U R E 1 Combined bar chart and scatter plot of quantitative real-time PCR (qPCR) analysis of expression changes in Nr1d1 in the NAc of shRNA-injected mice. *p < 0.05, Scr shRNA group versus Nr1d1 shRNA group. NAc, nucleus accumbens; Nr1d1, nuclear receptor subfamily 1, group D, member 1; Scr shRNA, scrambled short hairpin RNA ZHAO And GAMMIE F I G U R E 2 Changes in body weight of AAV vector-injected female (a) and male (b) mice. Body weight was measured once per week following vector injection, and the average weight of each group was shown. Note that there was no difference in body weight between the Scr-and Nr1d1-shRNA-injected groups in both females and males throughout the study. AAV, adeno-associated virus; Nr1d1, nuclear receptor subfamily 1, group D, member 1; shRNA, short hairpin RNA F I G U R E 3 Combined bar chart and scatter plot of effects of Nr1d1 knockdown on sociability. Sociability was assessed using social approach test with the conspecific mouse serving as the novel target mouse in both female and male mice. Time spent in chamber (a), time spent in sniffing (b), ratio of time spent with novel mouse versus object (c) and percentage of time spent with novel mouse (d). *p < 0.05, **p < 0.01, novel mouse versus novel object in a and b; *p < 0.05, Scr shRNA group versus Nr1d1 shRNA group in c and d t(6) = 7.03, p < 0.001 for Nr1d1 shRNA. Male: t(5) = 2.09, p = 0.041 for Scr shRNA; t(5) = 1.22, p = 0.028 for Nr1d1 shRNA] (Figure 3a ) and spent more time sniffing the novel mouse than the novel object [Female: t(5) = 7.08, p = 0.001 for Scr shRNA; t(6) = 9.05, p < 0.001 for Nr1d1 shRNA. Male: t(5) = 6.48, p = 0.001 for Scr shRNA; t(5) = 2.42, p = 0.04 for Nr1d1 shRNA] (Figure 3b ). The number of entries to side chambers did not differ between the two groups in males or females (data not shown), indicating that knockdown of Nr1d1 had little effect on general exploratory locomotor activity. However, when comparing the ratio of time spent with the novel mouse versus object between the Scr shRNA and Nr1d1 shRNA-injected mice, it was found that female Nr1d1 shRNA-injected mice displayed enhanced sociability, as they spent a greater degree of time with novel mouse relative to novel object as compared to the Scr shRNA mice [t(11) = −2.93, p = 0.014] with effect size being 1.67 of Cohen's d (Figure 3c) . Further, the enhanced sociability in females only was supported by the increased percentage of time spent with novel mouse object [t(11) = −3.08, p = 0.01] with effect size being 1.73 of Cohen's d (Figure 3d) . A similar enhancement of sociability with Nr1d1 knockdown was not found in male mice (Figure 3c,d) .
A second test for measuring sociability was also run in female mice, but using pups instead of conspecifics. Like the conspecific mouse, both Scr shRNA and Nr1d1 shRNAinjected mice displayed sociability, as reflected by more time spent in chamber containing the conspecific novel pups than in chamber containing the nonsocial novel object [t(5) = 4.67, p = 0.005 for Scr shRNA; t(6) = 6.12, p = 0.001 for Nr1d1 shRNA] (Figure 4a ) and more time spent sniffing the novel pups than the novel object [t(5) = 5.31, p = 0.003 for Scr shRNA; t(6) = 8.51, p < 0.001 for Nr1d1 shRNA] (Figure 4b ). There was no difference in the number of entries to the side chambers between the two groups of mice (data not shown). When comparing the ratio of time spent with novel pups versus object as well as the percentage of time spent with pups between the Scr shRNA and Nr1d1 shRNAinjected mice, Nr1d1 knockdown mice tended to spend more time with pups, but this did not reach statistical significance [t(11) = −0.79, p = 0.148 for ratio; t(11) = −0.71, p = 0.49 for percentage] (Figure 4c,d) .
A third test, social CPP, was used to measure social reward-related behaviour in female mice. However, Nr1d1 knockdown mice had a higher preconditioning preference score in the preconditioning trial (785.8 ± 82.9 s) relative F I G U R E 4 Combined bar chart and scatter plot of effects of Nr1d1 knockdown on sociability. Sociability was assessed using social approach test with pups serving as the novel target mouse in female mice. Time spent in chamber (a), time spent in sniffing (b), ratio of time spent with novel pups versus object (c) and percentage of time spent with novel pups (d). **p < 0.01, novel pups versus novel object in a and b to control (423.8 ± 38.4 s). Although the postconditioning preference score was still higher for Nr1d1 knockdown (598.8 ± 47.7 s) relative to control (517.6 ± 144.7 s), no significant differences were found in terms of normalized preference score (1.09 ± 0.14 s for control; 0.86 ± 0.05 s for Nr1d1 knockdown).
3.4 | Knockdown of Nr1d1 in the NAc had no effect on general reward-related behaviour in both female and male mice
To evaluate whether general reward-related (i.e., novelty reward in this study) processes were influenced by decreased Nr1d1 in the NAc, we carried out novel object place conditioning test. No effect of Nr1d1 knockdown was found in time spent in paired side chamber (female: 163.2 ± 13.4 s for control; 164 ± 7.8 s for Nr1d1 knockdown; male: 250.7 ± 49.4 s for control, 200.7 ± 39.5 s for Nr1d1 knockdown) and percentage of time spent with novel object (female: 44.1 ± 3.9 for control, 43.3 ± 2.0 for Nr1d1 knockdown; male: 52.2 ± 10.0 for control, 45.1 ± 10.0 for Nr1d1 knockdown) for either females or males.
| Knockdown of Nr1d in the NAc resulted in anti-anxiety effects in female mice
To determine whether Nr1d1 knockdown in the NAc would influence anxiety-related behaviour, we performed light/dark box test. In females, Nr1d1 shRNA-injected mice spent significantly more time in light box than Scr shRNA-injected mice [t(11) = −4.02, p = 0.002] with effect size being 2.21 of Cohen's d (Figure 5a ), while no differences in latency to first enter the light box and the number of transitions between boxes were observed (Figure 5b,c) . Similar to females, male mice injected with Nr1d1 shRNA exhibited a trend towards an increase in the amount of time spent in light box when compared with the male mice injected with Scr shRNA, although differences did not reach statistical significance [t(11) = −1.74, p = 0.11] (Figure 5a ). Neither the latency to first enter the light box nor the number of transitions between boxes differed between the two groups in male mice (Figure 5b,c) .
| Knockdown of Nr1d1 in the NAc did not influence depression-like behaviour
To assess whether decreasing Nr1d1 in the NAc would alter depression-like behaviour, we conducted the forced swim test. All the parameters measured, including duration of immobility (Figure 6a ), latency to first float (Figure 6b ) and total number of swim bouts (Figure 6c ), were similar between Scr-and Nr1d1-shRNA-injected mice in both female and male mice.
| Microarray gene expression analysis of NAc with knockdown of Nr1d1 in females and males
Using microarrays, altered gene expression was found with Nr1d1 knockdown in the NAc for 1,202 unique, annotated genes in females and for 620 unique, annotated genes in males using a p < 0.03 cut-off. Given the lack of behavioural effects of knockdown in males and that the number of significant genes in males was much lower than in females, subsequent analysis reported below focusses on results in females. The full set of results for both females and males is available in Supporting Information Table S2 . Microarray results, including CEL files, have been uploaded to NCBI's Gene Expression Omnibus (Accession number: GSE110363).
| Pathway analysis in females
NIH DAVID enrichment analysis identified acetylation and mitochondrion as categories with the highest enrichment with Nr1d1 knockdown in females. A list of these genes is provided in Supporting Information Table S3 . Further, NIH DAVID identified an involvement of histone deacetylationrelated genes, including Hdac3, Hdac4, Hdac6, Morf4 l1 and Suds3. ToppCluster similarly found connections to acetylation and mitochondrion. Both NIH DAVID and ToppCluster found enrichment for Parkinson's and Huntington's disease, and the list of those genes is provided in Supporting Information Table S3 .
We additionally used MSET to identify overlap of Nr1d1 knockdown genes in females with various data sets, including addiction, where genes of interest included Gabra2, Grin2b, Zcrb1, Frmd4a, Oprd1, Per1 and Per2. We evaluated three mental health disorders that can include social deficits, namely depression, bipolar disorder (BPD) and autism, and among the genes of interest were Gabra2, Bcl2, Grin2b, Per1, Per2, Bcl2, Oprd1, Nfil3 and Cacna1 h. Eighty-seven of the top regulated genes are involved in transcriptional regulation and some of the genes are Morf4 l1, Hdac3, Hdac4, Hdac6, Foxn2, Per1, Per2 and Hif1a. Among circadian rhythm genes were Per1, Per2, Hdac3, Nfil3, Hnrnpu, Ncoa3 and Cirbp. In addition, when evaluating a list of potential top 700 maternal genes, overlapping genes of interest included Morf4 l1, Hdac4, Cirbp, Ethe1 and Hif1a. When considering top genes altered in the NAc during the postpartum period, overlapping genes of interest included Morf4 l1, Per1, Per2, Hdac4, Cirbp, Ethe1 and Hif1a. In terms of overlap with the top male genes due to Nr1d1 knockdown (p < 0.04 cut-off for both), two genes of interest were as follows: Phf7 and Trim28. The findings are presented in Supporting Information Table S3 .
| L1000CDS analysis
Using NIH LINCS tool, L1000CDS, that allows for analysis of upregulated versus downregulated genes with Nr1d1 knockdown using a p < 0.04 cut-off, we found a number of chemicals that were able to mimic some gene aspects of Nr1d1 knockdown. Two of these were parthenolide and vorinostat, both which can act as histone deacetylase inhibitors. Also identified were noretynodrel, which can act as a progestin, Ly 288513, which is a cholecystokinin receptor 2 antagonist with anxiolytic properties, modafinil, which can affect arousal, JZL-184, which affects endocannabinoid signalling, and celastrol, that may restore leptin sensitivity (Liu, Lee, Salazar Hernandez, Mazitschek, & Ozcan, 2015) . The identification of drugs that mimic upregulated and downregulated genes in female Nr1d1 knockdown array is summarized in Supporting Information Table S4 . 
| qPCR analysis of a subset of addiction and reward-related genes
We sought to confirm some of our significantly altered microarray genes and to evaluate other addiction and reward-related genes of interest identified in our recent postpartum NAc study using qPCR assay in females. As shown in Figure 7 , we were able to confirm both Per1 (p = 0.018) and Per2 (p = 0.007) increases as seen in the microarray. All of a sudden, we found Oprd1 to be F I G U R E 7 Quantitative real-time PCR analysis of expression changes for addiction and reward-related genes in the female NAc. Relative expression distribution of mRNA (y-axis) represented as a ratio of Nr1d1 shRNA versus Scr shRNA was normalized against two reference genes, Ywhaz and β-actin, and shown by box-and-whisker plot as medians (dashed lines), interquartile range (boxes) and ranges (whiskers). Ratios over one indicate genes with higher expression in Nr1d1 shRNA than in Scr shRNA mice. *p < 0.05, **p < 0. significantly upregulated (p = 0.018), which was the opposite pattern as seen in the microarray. When evaluating other circadian-and addiction-related genes that were altered in the postpartum NAc study ), but were not among the top altered genes in the present microarray, we found significant increases in expression of Cry1 (p = 0.044) and Penk (p = 0.037), but a lack of change in other genes, such as Pdyn and Drd1a.
| WGCNA analysis
We used WGCNA to identify modules of genes that cluster together based on coexpression. This approach can provide indirect insights into transcriptional regulatory networks. As shown in Figure 8 , we found Nr1d1 expression to be connected to a subset of genes, including the progesterone receptor (Pgr) (Figure 8a ). We found a cluster of genes regulated by both Hdac3 and Hdac4 and a separate group of genes solely regulated by Hdac3 (Figure 8b ).
| DISCUSSION
This study extended our previous work on social reward and mood state from mothers to nonparental adults. Using a region-specific shRNA-mediated gene silencing technique, we for the first time demonstrated that knockdown of circadian gene Nr1d1 in the NAc potentiated sociability in female mice. Intra-NAc decreases in Nr1d1 also produced an anti-anxiety effect only in females, whereas it had no effects on depression-like behaviour in either females or males. Microarray and qPCR analysis demonstrated that intra-NAc knockdown of Nr1d1 altered expression of circadian-, histone-and opioid-related genes. These findings suggest that Nr1d1 in the NAc modulates sociability and anxiety-related behaviour in a sex-specific manner, possibly via circadian-, histone-or opioid-mediated mechanisms.
| Role of Nr1d1 in the NAc on social behaviour
Our previous work on NAc found that in the highly social postpartum condition, Nr1d1 expression was significantly decreased and that Nr1d1 may be interacting with a large number of reward/addiction-related genes in the NAc to modulate social reward . One striking finding of the present study is that knockdown of Nr1d1 in the NAc enhanced sociability in female adults, but had little effect in males. Thus, the findings support the idea that decreases in Nr1d1 expression contribute to elevated sociability. The upregulation of Per1 and Per2 with Nr1d1 knockdown is consistent with known feedback interactions of these circadian rhythm genes (Hastings, Reddy, & Maywood, 2003) and mirrors our previous finding of elevated Per1 and Per2 in the NAc in the postpartum condition . Circadian genes play a critical role in addiction, motivation and reward (Falcon & McClung, 2009) , although a link to sociability is less well studied. Additional circadian genes altered by Nr1d1 knockdown included Nfil3, which is also found in databases for depression and autism, two disorders with social deficits (see Supporting Information Table S3 ).
Pharmacological, molecular and electrophysiological studies have demonstrated an integral role for NAc in rewardrelated behaviour, including dominant roles for the dopamine and opioid signalling pathways (Carlezon & Thomas, 2009; Ikemoto, Glazier, Murphy, & McBride, 1997; Trezza, Damsteegt, Achterberg, & Vanderschuren, 2011) . The endogenous opioid neuropeptide, enkephalin (Penk), can act via mu-and delta-opioid receptors in the NAc to induce rewarding effects (Goeders, Lane, & Smith, 1984; Raynor et al., 1994; Simmons & Self, 2009; Trezza et al., 2011) . Given that Nr1d1 knockdown altered expression of Penk and Oprd1, it is possible that some modulation of sociability is occurring via these opioid pathways. Further, we have found that a large number of enkephalin neurons coexpress Nr1d1 in the NAc (our unpublished observations), providing neuroanatomical evidence for an interaction of Nr1d1 and Penk signalling. The interaction of Nr1d1 with Penk may be complex as in our postpartum NAc study , we found indirect evidence that lower Nr1d1 was linked to lower Penk, but here it is connected with higher Penk. We identified additional genes altered by Nr1d1 decreases that are known to be involved addiction and reward pathways (Supporting Information Table S2 ), and these included Gabra2, Grin2b, Zcrb1 and Frmd4a. The additional analysis is needed to understand how these reward-related genes may connect with Nr1d1.
The finding of genes involved in histone deacetylase signalling (Hdac3, Hdac4, Hda6 and Suds3) and that acetylation pathways were enriched by Nr1d1 knockdown (including Yeats4, Eny2 and Morf4 l1) suggests Nr1d1 is affecting transcriptional regulation at multiple levels. The WGCNA analysis highlighted how Hdac3 and Hdac4 have converging actions on a subset of genes and that each is strong nodes for expression regulation. In an interesting manner, one gene regulated by Hdac3 is H1f0 (Figure 8b ). H1f0 was found recently to be a possible hub gene in the NAc that could contribute to elevated motivation to exercise in mice (Saul et al., 2017) , and here, it could also be regulating changes in sociability. One gene, Morf4 l1, is a component of the NuA4 histone acetyltransferase complex (Zou & Mallampalli, 2014) and stands out for a few reasons. In addition to contributing to transcriptional regulation, it also showed altered expression in the NAc in the postpartum condition, it is considered one of the top 700 maternal genes that act in the CNS (Gammie et al., 2016) , and it showed altered expression in ventral tegmental area in Nr1d1 knockout mice (Chung et al., 2014) . Morf4 l1 interacts with Yeats4, which is also a component of the NuA4 complex and is another gene affected by Nr1d1 knockdown. Morf4 l1 could be a key downstream target of Nr1d1 that plays an important role in altering social behaviour via its transcriptional actions. Using WGCNA, we found an interaction between Nr1d1 and the progesterone receptor, Pgr (Figure 8a ). Given the high importance of progesterone signalling in the development of the maternal brain (Numan et al., 1999; Sheehan & Numan, 2002) , Pgr could be a mechanism by which Nr1d1 alters social behaviour.
To gain additional insight into how Nr1d1 may regulate sociability, we looked for genes that are associated with mental health disorders that include social deficits, namely depression, BPD and autism. In addition to the circadian genes listed above (Per1, Per2 and Nfil3), we identified as genes of interest: Gabra2, Tsc2, Grin2b and Bcl2 (Supporting Information Table S3 ). We also looked for genes that are either top maternal genes across the CNS (Gammie et al., 2016) or are altered in the NAc in the postpartum condition as either could be related to the emergence of prosocial behaviour in mothers. Among these, maternal genes are as follows: Morf4 l1, Hdac4, Cirbp, Ethe1 and Hif1a (Supporting Information  Table S3 ). Whether or how any of these genes contributes to alterations in social behaviour is still to be determined.
One unexpected finding was the enrichment of Nr1d1 knockdown genes with data sets for both Huntington's and Parkinson's disease (Supporting Information Table S3 ). The enrichment stems in part from the high number of NADH: ubiquinone oxidoreductase-related genes (n = 7) affected by Nr1d1. Whether variation in Nr1d1 expression has any bearing on the typical development of either disorder would need to be addressed in follow-up studies.
Given that Nr1d1 knockdown elevated some aspects of sociability, we were interested whether there were any drugs that might mimic the effects of Nr1d1 decreases on gene expression and thus be possible candidates for social behavioural disorder treatments. Using NIH LINCS programme, we found a subset of drugs that mimicked Nr1d1 knockdown and these included parthenolide and vorinostat, both of which can act as histone deacetylase inhibitors (Gopal, Arora, & Van Dyke, 2007; Tiffon et al., 2011) . In an interesting manner, vorinostat and other HDAC inhibitors are being investigated for antidepressive actions (Meylan, Halfon, Magistretti, & Cardinaux, 2016; Powell et al., 2017) and infusions into NAc mitigate stress effects and lead to gene expression profiles similar to the antidepressant, fluoxetine (Covington et al., 2009 ). Norethynodrel, a progestin, was also identified and this could be of interest given the finding of Nr1d1 interaction with the progesterone receptor in the WGCNA analysis. LY 288513 (a CCK2 antagonist) can mitigate panic-like behaviour (Griebel, Perrault, & Sanger, 1997) , so the action has some similarities to the anxiolytic effects of Nr1d1 knockdown. The identification of modafinil, the arousal drug, is of interest given how integrated Nr1d1 is in the circadian rhythm pathway regulation. Celastrol is also of interest as it recently has been implicated in restoring leptin sensitivity (Liu et al., 2015) .
| General reward and depression-like traits were not affected by Nr1d1 knockdown
Feeding involves reward pathways, but as shown in Figure 2 , no effect of Nr1d1 knockdown was found on weight gain in either sex. Further, we did not see an effect of Nr1d1 knockdown on general reward in female or male mice in terms of novel object place conditioning. Sociability can differ from general reward as lactating mothers exhibit increased responses towards their offspring (social reward), but decreased responses to drugs of abuse (general reward) (Mattson & Morrell, 2005; Mattson, Williams, Rosenblatt, & Morrell, 2001 , 2003 . The finding of alterations in sociability, but not general reward with Nr1d1 knockdown, is consistent with the idea that the different rewarding stimuli contain unique components for activation. In this study, we did not see evidence of elevated sociability towards pups, only towards conspecific adult females. One possibility for the lack of response to pups is that we limited exposure, such that the pups were behind a wire mesh. Full interaction with pups may provide different insights into effect of Nr1d1 knockdown and this could be performed in future studies.
When testing for depression-like traits using the forced swim test, no effect of Nr1d1 knockdown was found in either males or females. A growing number of animal studies have demonstrated a role for the NAc in depression-like behaviour (Francis et al., 2015; Newton et al., 2002; Shirayama & Chaki, 2006; Warner-Schmidt et al., 2012) . Further, abnormalities in circadian rhythm due to perturbations of circadian genes are associated with depression (Kronfeld-Schor & Einat, 2012) . For example, the increased depression-like behaviour is associated with a decreased Per1 and Per2 expression in the NAc, which can be reversed by antidepressant treatment (Spencer et al., 2013) . Based on the findings that Nr1d1 knockdown increased Per1, Per2, it might have been expected to see an antidepressant-like effect with Nr1d1 knockdown, but this was not observed. It is possible that modulation of expression of additional genes is required in the NAc to induce a change in this trait.
| Role of Nr1d1 in the NAc on anxietyrelated behaviour
Circadian genes are implicated in the regulation of mood state. Circadian rhythm disturbances evoke a large number | ZHAO And GAMMIE of psychiatric disorders such as depression, anxiety, bipolar disorder and autism (McClung, 2007) . Nr1d1 is an important circadian gene involved in a wide range of processes, including transcriptional regulation, emotional state and multiple mental health disorders (Chung et al., 2014; Everett & Lazar, 2014; Preitner et al., 2002; Solt et al., 2012) . NAc is also involved in anxiety-related behaviour (Zarrindast, Babapoor-Farrokhran, Babapoor-Farrokhran, & Rezayof, 2008) . In this study, we found that knockdown of Nr1d1 in the NAc led to an anxiolytic effect as well as an increase in Per1 and Per2 gene expression in female mice. Our findings are consistent with previous research found that knockout of both Per1 and Per2 enhanced anxiety-related behaviour and that knockdown of Per1 and Per2 specifically in the NAc elevated anxiety (Spencer et al., 2013) . Activation of mu-or delta-opioid receptors are anxiolytic (Saitoh et al., 2004; Zarrindast et al., 2008) and alterations in opioid signalling from Nr1d1 knockdown could also contribute to anti-anxiety actions. In an interesting manner, whole body and CNS exposure to an Nr1d1 agonist can be anxiolytic (Banerjee et al., 2014) , and one explanation is that Nr1d1 has nonlinear effects on anxiety that are regions specific. Multiple genes downstream from Nr1d1 could underlie the changes in anxiety, but this would need to be evaluated in future work.
| Sex differences in response to
Nr1d1 knockdown
As noted above, the behavioural effects of Nr1d1 knockdown were specific to females. Further, the gene expression changes in males were fewer than in females, although there were some similar changes with Nr1d1 knockdown. The female-specific effect of Nr1d1 on sociability in nonparental adults is consistent with our findings in postpartum mothers. As Nr1d1 expression is regulated by estradiol (Shimizu et al., 2010) , steroid hormones may be a regulator involved in this sex-specific effect of Nr1d1. Converging human and animal studies has revealed sex differences in anxiety, with the prevalence of anxiety disorders being higher in females than in males (Lewinsohn, Gotlib, Lewinsohn, Seeley, & Allen, 1998; Piccinelli & Wilkinson, 2000) . Circadian genes such as Clock and Per2 are involved in female reproduction and oestrous cycle and sex hormones in turn influence circadian rhythm (Miller et al., 2004) . Sex differences in gene expression in the CNS have been identified (Rinn & Snyder, 2005; Trabzuni et al., 2013) , and it is possible that on this background of different pre-existing levels of gene expression that modulation of Nr1d1 is less effective in males than in females. Thus, it is likely that sex hormones contribute to the sex difference in anxiety-related behaviour after Nr1d1 knockdown in a complicated manner.
| Technical considerations and limitations
Differing from the gene delivery in vitro, many factors can influence the efficiency of gene silencing in vivo. These include types of cell, tissue, vector, serotypes and titres of viral vector (Mason et al., 2010; de Solis et al., 2017 ). An additional contributing factor to the efficiency of gene knockdown is that knockdown of a given gene may trigger potential compensatory mechanisms to buffer against the knockdown effect (Pendaries et al., 2014) . In this study, we used shRNA-mediated gene silencing, a powerful and widely used method for gene knockdown in the CNS. We evaluated Nr1d1 knockdown throughout the entire NAc by measuring the overall expression level of Nr1d1 mRNA using qPCR. Our results showed about a 20% of gene knockdown, consistent with previous similar studies that detected a 20% (Choi et al., 2012) and 36% knockdown (Hommel, Sears, Georgescu, Simmons, & DiLeone, 2003) . Moreover, in recently published work from our laboratory, we found that a 20% expression change in mRNA is sufficient to translate a corresponding change at the protein level , suggesting that changes in Nr1d1 expression are real and biologically significant.
Like other core circadian genes, Nr1d1 is expressed in a circadian pattern in the CNS (Rath, Rohde, Fahrenkrug, & Moller, 2013; Rath, Rovsing, & Moller, 2014) . In addition, Nr1d1 modulates multiple behavioural processes in a daily rhythmic manner (Chung et al., 2014) , which is dependent on its "non-clock" function controlled by brain regions outside of the master circadian pacemaker, the hypothalamic suprachiasmatic nucleus (SCN) (Uz et al., 2005) . In this study, we were not able to perform a time course (i.e., multiple time points) of behavioural and molecular tests due to time conflict among multiples tests. Future time course study is needed to provide deep insights into how Nr1d1 regulates numerous behaviours in a rhythmic manner.
Microarray gene expression analysis of NAc with knockdown of Nr1d1 did not show detectable changes in Baml1 and Clock, two core components of the circadian clock. As Nr1d1 acting as a key circadian regulator represses Bmal1 transcription (Preitner et al., 2002) , it would be expected to see upregulation of Bmal1 after Nr1d1 knockdown. Contrary to our expectation, no change in Bmal1 was found. It is not clear why Nr1d1 knockdown had little effect on Bmal1. Given that changes in other clock genes (e.g., Per and Cry) were not really big (see Figure 7) , it raises questions about whether these changes are an effect of Nr1d1 knockdown or a shift in the circadian cycle. Our results support a knockdown effect on the basis of two reasons. First, Nr1d1 reaches its peak of expression at zeitgeber time (ZT) 8-9 (Mollema et al., 2011; Rath et al., 2013; Torra et al., 2000) , while all the measurements/ experiments were conducted just at one time point, and the vast majority of brain tissues for analysis of gene expression were sampled at ZT 3-4, when Nr1d1 expression is low. Thus, the comparison of clock genes including Baml1, Clock, Cry1, Cry2, Per1 and Per2 between the Scr control and Nr1d1 knockdown mice was made when these genes are expressed at high level in nonmutant control mice and constant high level in Nr1d1 knockdown mice. This may explain in part a lack or little effect of Nr1d1 knockdown on expression of these clock genes. Second, knockdown of Nr1d1 in the NAc led to an anxiolytic effect, consistent with previous findings showing that knockout of both Per1 and Per2 enhanced anxiety-related behaviour and that knockdown of Per1 and Per2 specifically in the NAc elevated anxiety (Spencer et al., 2013) . The future work is needed to investigate the time course effect of Nr1d1 knockdown on multiple behavioural phenotypes.
| CONCLUSIONS
Results from this study indicate that induced decreases in expression of the circadian gene, Nr1d1, in the NAc can enhance sociability and reduce anxiety-related behaviour. The findings are consistent with earlier work that identified natural decreases in Nr1d1 expression in postpartum mothers that are associated with the emergence of prosocial behaviours. The regulatory role of the transcription factor Nr1d1 is likely achieved by triggering the multiple downstream events, including actions on circadian, histone and opioid systems. Future studies can examine the complex ways by which Nr1d1 contributes to natural changes in social behaviour.
